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Abstract

A one-dimensional numerical model is used to predict rates of time-
dependent wall heat transfer in high temperature and high pressure
combustion chambers. Laminar flow near the co’d wall is assumed, and
global chemical kinetic mechanisms are used to describe the combustion of
methane-air and propane-air mixtures. The.effects of variations in fuel
type, pressure, equivalence ratio, and thermal boundary layers on the wall
heat flux are examined, and the calculated results are correlated in terms

of characteristic time and energy units.



INTRODUCTION

The unsteady heat transfer to the walls of a combustion chamber during
flame quenching is a problem of practical importance that is not well
understood. Unsteady measurements have been made in a variety of devices,
such as djesel engines [1,2], spark ignition engines [3,4], constant volume
combustion chambers [5,6], and shock tubes [7,8]. Current combustion
models, in which the unsteady one-dimensional reaction-diffusion equations
are solved, are able to predict heat transfer with combustion for the
lighter hydrocarbons under laminar flow conditions [5,7,8,18].

It was recently shown by Vosen [5,9] that one-dimensional unsteady
calculations do very well at predicting the heat transfer as measured in a
constant volume combustion chamber. For methane-air flame quenching at a
cold wall, at pressures of 1 - 5 atmospheres, it was shown that detailed
kinetics are not needed to predict the heat transfer, and that a global
reaction scheme is sufficient. In addition, the importance of thermal
boundary layers of quenching heat transfer was discussed [5].

The present study is an extension of previous work by Vosen [5] in
which the present model was validated by comparison with experimental
results at near-atmospheric conditions. In this paper, the same model is
used to estimate heat transfer rates for flame quenching under conditions
where data are much more difficult to obtain, at the high pressures and
temperatures which are commonly encountered in internal combustion
engines. Specifically, the heat transfer from-methane-air and propane-air
flames at 3.5 and 30 atmospheres pressure is predicted, and the effect of

thermal boundary layers on quenching is studied.



NUMERICAL MODEL

A11 of the calculations were carried out using the HCT code [11]. In
this program, the equations of conservation of mass, momentum, energy, and
each chemical species are solved in finite difference form, for a
one-dimensional planar geometry. These coupled equations are solved
implicitly in time using a block tridiagonal matrix inversion technique.

In the present study the detailed chemical kinetics of the fuel
oxidation are treated in a simplified manner, using one-reaction and two-
reaction global reaction rates for combustion of both methane and propane
in flames. This approach and the general form of the reaction rate
expressions used were taken from previous work [12],in which it was shown
that this model could accurately reproduce experimentally observed Taminar
burning velocities and flame temperatures over extended ranges of fuel-air
equivalence ratio and pressure for a wide variety of hydrocarbon fuels.

In these reaction mechanisms the rate of methane consumption is given

b |
y 0.3 2

1.
-dgCHgl = k1 [CHq] [02] (1)

and for propane

:QLgéﬂal = kg [C3Hg]0-1[0p71-65 (2)

When a single global reaction is used, the oxidation can be represented as
CHg + 2 02 ==C0p + 2 Hp0 . (3)
C3Hg + 5 0o ==3 C0p + 4 Hp0 . (4
The use of a two-step reaction model with the HCT program provides a better
estimate of the final flame temperature [12], and when such a mechanism is

used, the overall reaction is broken into
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CHg + 3/2 0 === C0 + 2 H)0 (5)
C3Hg + 7/2 0p===3 CO + 4 Hy0 (6)
followed by
€0 + 1/2 0 ===10) . (7)
In the one-reaction mechanism, kj = 1.9 x 1013 exp[-48400/RT] and
ko = 4.1 x 1013 exp[-40000/RT], while in the two-reaction mechanism,
k1 = 2.2 x 1013 exp[-48400/RT] and k2 = 4.8 x 1013 exp[-40000/RT].
In addition, the rate of CO consumption in reaction 7 is adapted from

Hautman et al. [13]
-d[C0] = 2.66 x 1014 exp[-40000/RT] [C0]1-0[0,]0-25[H00]70-5 (8)

dt

In order to provide an equilibrium between CO and CO2, a reverse rate

for reaction 7 is included

d[COJ* = 4.00 x 108 exp[-40000/RT] [CO2] . (9)

dt
Finally, to avoid numerical difficulties associated with unphysically

small fuel concentrations, a reverse reaction for the fuel consumption

step was included

d[CHql* = 1.0 x 1012 exp[-48400/RT] [C05]0-5[H20] (10)
dt

d[C3Hg]* = 1.0 x 1016 exp[-40000/RT] [CO] [H20] . (11)
dt

The thermal diffusivity was taken from Kays aﬁd Crawford [14] and -is expressed
« = 2.0 x 10 -77 0.669/ ¢ 404 (cm® sec™)) ,  (12)

where T is the local temperature and C¢ot is the total concentration in

moles-cm~3. In this simplified mechanism all of the chemical species .

are assumed to have the same molecular diffusivities, so a constant Lewis

number of about 0.9 is used.
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Although this type of global reaction mechanism provides reasonable
flame propagation rates for freely propagating hydrocarbon flames, its
adequacy in simulating the more complex problems of flame quenching and
heat transfer to a cold wall were the subject of some concern. When
| detailed kinetic mechanisms are instead used, computed properties have been
shown [10,15] to be in good agreement with available experimental results.
For conditions of interest in the present work, a preliminary study was
carried out to ensure that the global kinetics model agreed with the
results computed from the detailed kinetic mechanism. For all of the
physical parameters of concern in the present study, such as heat flux to
the cold wall, over§11 Burning rates, flame thickness, stagnation distance,
and flame temperature, the global reaction approach provides good agreement
with the more exact kinetics treatment, at a small fraction of the
computational expense. As a result, all subsequent computations employed
the global kinetics model.

Heat transfer to the combustion chamber wall is simulated by assuming
first that the wall maintains a constant temperature during the quenching
event. In the model, which is able to treat only gas phase phenomena, a
very thin gas boundary zone is assumed to remain at the same temperature as
the metal chamber wall. Heat is then removed from this boundary zone at a
rate sufficient to keep it at that prescribed temperature. The computed
rate of heat removal is then equal to the wall heat flux, the rate at which
heat is conducted to the combustion chamber wa1i and subsequently removed
by the appropriate cooling system. Wall heat fluxes computed in this way

agree well with experimentally measured values over the 1-5 atm range

studied previously [5,9].



NUMERICAL RESULTS

Flame quenching and heat transfer calculations were carried out for
methane-air and propane-air mixtures at both 3.5 and 30 atmospheres
pressure. The lower value was selected because it was within the range of
the previous experimental study [5,9] in which only CHg-air mixtures were
used. The higher pressure was intended to be relevant to flame quenching
and heat transfer in actual reciprocating engine environments.
Stoichiometric, lean (¢ = 0.8), and rich (& = 1.2) mixtures of each
fuel were included at each pressure.

The overall features of the quenching event were the same in each case.
. The flame approaches the wall with its direction of propagation normal to
the wall. When the flame is sufficiently far (i.e. more than about 3 times
the flame thickness) from the wall, the laboratory frame-flame speed is
equal to the theoretical laminar burning velocity. During this period the
computed heat flux to the wall is negligible.

As the flame begins to approach the wall, the heat flux to tha wall
begins to increase. The overall geometry of the flame-wall system is shown
in Figure 1. The flame position can be defined in several convenient ways,
two of which are indicated in Fig. 1. One of these is q¢, the Tlocation
at which the gas temperature reaches a specified temperature (often 1500 K
as in this figure). Another very similar definition (not shown) is the
position in the flame where the temperature gradient is largest. In
Fig. 1, gy indicates the position at which the ioca] rate of heat release
from chemical reactions is largest. This definition will be used in the

remainder of the present analysis, although all three definitions give

nearly equivalent results.
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For a short period of time as the flame approaches the wall, the model
predicts that the flame actually accelerates. This acceleration is due to
the difference between the rate of heat transfer to the wall and the rate
at which heat is diffusing ahead of the flame. The model calculations
indicate that the unburned gas between the flame and the wall is heated
more rapidly than the heat can be transferred to the wall, resulting in an
increased burning rate and an accelerated flame. For example, in the case
of stoichiometric propane-air at 30 atm (Flame 1 is Table I), the flame has
a velocity of 141 cm/sec far from the wall, accelerating to a peak value of
154 cm/sec as it approaches the wall approximately 0.01 ms before
quenching.

Eventually the depletion of fuel ahead of the flame, coupled with the
rapidly rising rate of heat loss to the wall, results in quenching of the
flame at a distance xo from the wall. Computed values of this stagnation
distance agree well with experimental data [10,16,17]. The detailed
structure of the flame at the time of quenéhing, with the interactions
between the radical chemistry and the perturbed temperature profile, and
the kinetic mechanism responsible for flame quenching, have been discussed
previously [10]. The stagnation pointsor quench distances, are summarized
for all of the cases examined with the model in Table I.

As the flame quenches the heat flux grows rapidly. This is illustrated
for Flame 1 in Fig. 2a, in which the wall heat flux qy rises '
exponentially over a time period of about 2 usec. The flame poéit{on
during this period is plotted in Fig. 2b, showing the approach of the flame
to the wall, followed by a stagnation at approximately 0.0056 mm. After

stagnation, the "flame" position gradually recedes from the wall. It
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should be remembered that the current definition of flame position is the
point at which the heat release rate has its maximum. However, the heat
release rate throughout the system falls very rapidly following the time of
flame quenching. 1In the computations, the local heat release rate due to
chemical reactions was integrated in space to give a total rate of heat
release due to reaction, denoted by Q.. For a steady adiabatic flame
this quantity is a constant, denoted as Qpaq. This quantity is plotted
in Fig. 2c as a function of time relative to the time of quenching. As
shown in Fig. 2c, quenching is accompanied by a substantial decrease in
Q.

We can define a characteristic time for the heat flux variation as the
interval tq required for the heat flux to increase from 50% of is peak
value to the time of its maximum value. Numerically-determined values of
tq are summarized for all of the flame models in Table 1. This time
scale can be compared with a time scale related to the flame propagation
given by

te = oy / §,°% , (13)
where o, is the thermal diffusivity in the unburned gas. This second
time scale is also shown in Table 1, where it can be seen that the
characteristic time for the rise of the heat flux is between 1.5 and 2
times the flame propagation time scale. The two Tower pressure flames fall
in the lower end of this range while the 30-atm flames are all very similar
and have a ratio of time scales c]oﬁe to 1.8. It is interesting to note
that in this type of comparison of time scales the primary determining
factor is the pressure rather than fuel type. For the 3.5 atm cases,
tq/tc'= 1.55, while all of the high pressure flames, regardless of

fuel type or equivalence ratio, show tq/te = 1.8.
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We have already defined Q,, the total space-integrated rate of heat
release from the reactions. This quantity for a freely propagating flame
will be used as the characteristic unit for normalization of the wall heat

fluxes during flame quenching. For a steady, adiabatic flame,

b + o
e, S, jf . dT = (f hyws) dx . (14)
Ty o
Thus the quantity Qpaq s given by
Ty _
Qrag = Py Sy j( c, dT =p, S, ¢ (T,-T,) . (15)

TU

In each flame quenching event, the computed heat flux rises to a
maximum value Qumax at a time very shortly following the stagnation time. -
The computed values of qumax are summarized in Table 1 for each flame.
Although the absolute values of this heat flux maximum are strongly
dependent on equivalence ratio, fuel type, and pressure, when each value of
Qwmax is normalized by its associated rate of heat release in the flame
Qrad» @ nearly constant ratio of

Gwmax / Qrad = 0.4 (16)
is obtained. This ratio is given for each example in Table 1. The same
ratio was obtained for Tower pressure methane-air mixtures by Vosen [5,9].
Although all of the values for this wall heat flux energy ratio lie within
a + 5% range of 0.41, closer inspection of these values suggests that the
ratios for methane-air may be slightly larger than those for propane-air.
This small difference, which depends on fuel tybe. does not appear to
depend on pressure or on equivalence ratio. Reca11 that earlier the time
scales appeared to depend on pressure but not on fuel type. In both cases,
it is not possible to tell from the present modeling analysis whether these
rather small differences in scaled parameters are significant or are

instead produced by the simplifications in the kinetics model.
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Following the time at which the wall heat flux reaches its peak value,
the total rate of heat release falls rapidly (Fig. 2c) and the wall heat
flux decreases roughly as the square root of the time (Fig. 2a). If the
wall heat flux is normalized by Qpaq and the time scale is normalized by
the quenching time scale t., all of the calculations can be reduced to a
single curve. Three of these reduced variable curves are shown in Fig. 3.
Independent of pressure, equivalence ratio, or fuel type, the normalized
wall heat transfer rate appears to follow this curve to within + 10%Z. This
similarity suggests that it should be possible to use this curve, together
with experimental da;a from freely propagating flames for other fuels at
other pressures and temperatures, to predict the wall heat flux in
arbitrary cases to reasonable precision.

If there is compression of the unburned gases or changes in the
temperature of the wall, a thermal boundary layer will develop between the
wall and the approaching flame. While these effects can be incorporated
into the model, it will be shown below that the presence of a thermal
boundary layer may be accounted for in a simple manner. For the one-
dimensional case, consider a flame propagating in a bulk gas of temperature
Ty towards an isothermal wall of temperature T,. Even though the
strength of the thermal boundary layer (T,-Ty)/(Tp-Ty) may be
small, the effect of the boundary layer on the heat transfer may be
considerable. A series of calculations has been carried out to illustrate
this point, and to suggest possible corrections to the predicted heat
transfer in the presence of thermal boundary layers. In Fig. 4 is shown

the calculated heat transfer from a methane-air flame at 3.5 atm
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propagating into a bulk gas of T;=410 K. The dotted curve is for a wall
temperature of Ty = Ty = 410 K. In order to simulate a thermal
boundary layer the calculation was repeated, but the wall temperature was
Towered from T, = 410K to T, = 300 K at a time 2 ms before the maximum
heat flux occurred in the first calculation (that is, tgmax-t = 2 ms).
The result is a developing thermal boundary layer which is several times
the flame thickness when quenching occurs. The results from this
calculation are shown as the solid curve in Fig. 4. By lowering the wall
temperature by 6 % of the total temperature difference across the flame,
qQuwmax Nas decreased by 20 % and the time for quenching to occur has
increased by 64 %. An e*amination of. the results of the calculation
suggests the following explanation. The small change in the temperature
has 1ittle effect on the temperature profile in the gas, but it has a large
effect on the thermal properties of the gas near the wall. For example,
the maximum heat flux as a function of the wall temperature qu(Ty)
without a thermal boundary layer (i.e. at Ty=Ty) is given by:

- aT aT '
Y% max (Tu) = -k, ox lw u ax lw (17)

The thermal boundary layer has little effect on the temperature gradient at

the wall '%% Iw , but it changes ky,, the thermal conductivity at the

wall, by an appreciable amount. Thus the maximum wall heat flux for a wall

temperature T, is given by

= aT
% max (Tw) = -ky oX Iw

k

T(-vi qw max (Tu) (]8)
u
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It was shown above that gypax(Ty), that is in the absence of a thermal

boundary layer, is proportional to Qpaq. Thus

qw max (Tw) _ kw qw max (Tu) - kw
—Q———- ' -——Q——--C] kK . (]9)
rad u rad u

Likewise, we assume that Ty has Tittle effect on the temperature profile

near the wall at the quench distance

2
§°(T.) 2
tq (TW) v _—aww n, g; 9 (20)
and @, ) |
tq (Tw) = E;' tq (Tu) . (21)

The value of tq(Ty) in the absence of a thermal boundary layer was

shown above to be proportional to tc, so that

tEI (T,) oY tg (Tu) . oy . (22)
te ay T %

Correcting for the thermal boundary layer by plotting quk,/k, against

t au/aw , as suggested by Equations 19 and 22, results in the curve shown
in Fig. 5. Again, the dotted curve is for the case where Ty, = T, (and
thus the curve is just qy vs. t). The solid curve is for the case where
Tw = Ty.

These corrections were also applied to experimental data [5] obtained
in a constant volume combustion chamber. The thermal boundary layer in
that chamber was due to the adiabatic compression of the unburned gase§ and
resulted in a boundary layer several times the flame thickness. It was
concluded that when equations 19 and 22 were applied to the data, the

predictions of the model in the absence of the thermal boundary agreed with

the experimental data.
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In the work of Isshiki and Nishiwaki [6], the maximum heat flux and the
time for quenching were measured for Ha-02 flames in a constant volume
combustion chamber (and thus thermal boundary layers were present). The

data could be correlated by a relation which may be written as [5]

T t (T
qw max ( W) gt,__W = const . (23)
Qrad c

Combining the results of this work in the absence of thermal boundary

layers and the correction due to the boundary layer gives

Y max (Tw) !/tq (Tw) - Oy “w max_‘ u (T ) k (Tu
Qrad tc Qrad
[w max Ty )] \f:q (T) ( kpcp)w)
rad t Ikpcp)u

koc W
°1"°—2( ﬂp—cfpj) ' (24

£ P

The quantity in parentheses is a slowly varying function of temperature,
and the contribution from this term is negligible compared to the
experimental error. Thus the results of this work compare well with the
correlation of Isshiki and Nishiwaki.

Thus it appears that most of the effects of the thermal boundary layer
on the wall heat transfer are a result of variations in the thermal
properties at the wall. The changes in the maximum heat flux and time for
quenching are given by Equations 19 and 22, and may be combined to give
Equation 23. In addition, using the scaling of the time and heat flux as
suggested by Equations 19 and 22, the variation of the heat flux with time
in the presence of a thermal boundary layer may be realistically

interpreted as shown in Figures 4 and 5.
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DISCUSSION

The computational analysis in the present paper has been verified
experimentally only at fhe very lowest end of the pressure range
considered, below 5 atm [5,9]. Several important tests of its
applicability and accuracy should be carried out. One of these involves
the use of fuels besides methane, such as propane and ethylene. Since the
laminar burning velocity of ethylene-air is significantly greater than that
of methane-air and the flame thickness is correspondingly smaller, the use
of ethylene would provide an interesting test of the validity of the
current results, at least for the Tow pressure range between 1 and 5
atmospheres. Extension of the pressure range beyond 5 atm is more
difficult but would provide an even more valuable test of the current
approach.

The practical application of these results to real combustion systems
is dependent on the importance of the errors which result from the
simplifications introduced into the mode1.- Probably the most significant
of these is the treatment of the wall boundary layer. The results
presented here indicate that the differences between wall heat fTluxes
predicted without considering the boundary layer can be significant. This
clearly identifies the boundary layer as an important factor in the process
of wall heat transfer. As we have shown, some of the influence of the
thermal boundary layer can be included in the present model, but further
analysis is needed.

A11 of these calculations assume laminar flow normal to the wall
boundary. The influences of turbulence and shear flows near the boundary

are therefore not included and may be of considerable importance in
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determining the wall heat transfer in practical combustors such as internal
combustion engines. The success of the laminar flow assumption in
predicting flame quenching distances [10] which agreed well with
experimental results in real engine environments [16] suggests that the
present numerical estimates may not be grossly in error. Experimental heat
transfer data from internal combustion engines [1-4] show
for qy which are smaller than the peak values predicted here by about an
order of magnitude. However, the time scales over which the present
computations estimate these high heat transfer rates are very short. For
example, for Flame 1 in Table 1, the wall heat flux rises by two orders of
magnitude in less than 10 ws, about 0.01 crankangle degrees at 2000
rpm. Considering the fact that cycle-to-cycle variations in f1ame'arriva]
time are an important factor in engine measurements, together with the fact
that temporal resolution of less than 0.01 crankangle degrees would be
needed to resolve the wall heat flux, it is not surprising that the
available experimental data do not exhibitthe same peak wall heat flux
values that are predicted by the model. On the other hand, the time scale
over which the model predicts this high wall heat flux is also very short,

so its effect on the time integrated wall heat transfer is quite small.
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Table I

. P T Th oot tq t/t Qr'ad2 Y mazx (!viama_x *o

ame Fuel ¢ atm K K cm/s s PS Q" c  Md/m~ MW/m rad - mm
1 C3Hg 1.0 30 793 2733 189 1.06 1.89 .1.78 71.7 28.3 .395 0.0056
2 C3Hg 1.0 3.5 429 2417 65 27.50 42.90 1,56 5.24 2.07 .395 0.066
3 CHgy 1.0 30 793 2691 121 2.58 4.63 1.79 42.1 17.4 .413 0.0091
4 CHgy 1.0 3.5 429 2409 50 46.40 71.90 1.55 3.76 1.53 .407 0.092
5 C3Hg 1.2 30 793 2663 180 1.17 2.15 1.84 65.7 25.8 .393 0.0059
6 CiHg 0.8 30 793 2446 74 6.84 1.26 1.83 22.9 8.88 .388 0.0154
1 CHy 1.2 30 793 2625 116 2.81 4.72 1.68 40.0 17.0 .424 0.0094
8 CHg 0.8 30 793 2388 93 4.36 7.1 1,70 26.3 11.6 441 0.0115

-6'[-
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FIGURE CAPTIONS

1.

Schematic view of the flame-wall interaction, showing the temperature
profile (solid curve), the rate of heat release due to chemical
reactions (dashed curve), a graphical definition of the flame
thickness Lt in terms of the temperature gradient, and the two
definitions of the flame position described in the text.

Results of the calculations described in the text for the quenching of
a propane-air flame (¢ = 1.0, P = 30 atm, T y= 793 K). The three
parts of the figure show the variation with time of the flame position
(Fig. 2a), the wall heat flux (Fig. 2b), and the total amount of
chemical heat release in the flame.

. The wall heat flux during quenching for three flames: propane-air,
9 =1.0, P =30 atm, T y= 793 K (solid 1ine); propane-air,
¢ =1.0, P=23.5atm, T ;= 429 K (dashed 1ine); methane-air,
¢ =1.0, P=230 atm, T 4= 793 K (dotted 1ine). The results have

been rendered nondimensional by the characteristic time and heat flux
for steady flame propagation.

Wall heat flux as a function of time for quenching for the same flame
without a pre-existing thermal boundary Tayer (dotted line), and with
a thermal boundary layer (solid line).

Wall heat flux as a function of time showing the effect of thermal
boundary layers on quenching. When the heat flux in the presence of a
thermal boundary layer is modified by the ratio of the thermal
properties across the flame (solid line) the results are very similar
to the results for quenching without a-thermal boundary layer (dotted

Tine).
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